Introduction
Women who enter pregnancy with a raised BMI are significantly more likely to have obese offspring, giving rise to an
The conventional paradigm posits that individual susceptibility for, and intergenerational transmission of, obesity is largely attributable to genetic makeup. However, currently identified genetic variants account for only a modest proportion of variation in BMI. [4] Meanwhile, a rapidly growing and convergent body of evidence in humans and animals suggests that the origins of obesity can be traced, in part, to the intrauterine period of life, [5] at which time the developing fetus responds to "suboptimal" conditions by producing structural and functional changes in cells, tissues, and organ systems (i.e., the concept of fetal programming). [6] [7] [8] [9] [10] While the mechanisms for early programming of human metabolism and obesity risk are yet to be fully elucidated, recent advances in the "omics" technologies facilitate a deeper insight to this process. Metabolomics provides potential to analyze the biological effects of genetic and environmental factors, since metabolites are the downstream product of biochemical pathways, and thus, closely related to the phenotype of interest. Previous studies have utilized metabolomics to investigate various pre and postnatal programming mechanisms, but are lacking in standardization or statistical power. [11, 12] Consistently, maternal www.advancedsciencenews.com www.mnf-journal.com omega-3 (n-3) fatty acid status, but not dietary n-3 fatty acid intake, [13] [14] [15] has been found to be protective against offspring obesity risk. [16] [17] [18] [19] However, most of these studies used infant or childhood BMI as an outcome and, thus, the influence of the intrauterine environment cannot be separated from obesity-related postnatal factors. To date, no human study has prospectively investigated the association between maternal metabolomic profiles during pregnancy with newborn adiposity.
The primary aim of the present study was to examine-using an unbiased approach-the prospective association between key plasma metabolites representative of maternal lipid and energy metabolism in early, mid, and late gestation and newborn adiposity in a longitudinal, prospective birth cohort at the University of California, Irvine (UCI). [20, 21] Dual-energy X-ray absorptiometry (DXA) whole body imaging was used to directly quantify newborn body composition (percent fat mass) rather than relying on commonly used weight-and length-based proxy measures of infant adiposity (e.g., weight-for-length ratio). The second aim was to identify maternal determinants of variation in the specific metabolites that predict newborn adiposity in this cohort.
Experimental Section

Study Participants
The UCI Development, Health and Disease Research Program conducted a longitudinal, prospective study of 253 pregnant women and their babies beginning in early gestation. The overarching aim of this observational study was to determine the interplay of psychosocial and physiological stress during pregnancy and the implications for fetal programming of infant metabolic and neurodevelopmental health outcomes. Women were eligible for inclusion if they were >18 years of age with a singleton, intrauterine pregnancy. Maternal exclusionary criteria were uterine anomalies and preexisting major medical comorbidities (hypertension, infection, or diabetes). Newborn exclusionary criteria were congenital malformations, chromosomal abnormalities, major perinatal complications, and preterm birth (<34 completed weeks). All aspects of this study were approved by the UCI Institutional Review Board (HS#2002-2316 and HS#2010-7530). Written, informed consent was obtained from all study participants.
Participants attended up to three visits during pregnancy at a mean ± SD gestational age of 12.5 ± 1.7 weeks (N = 206), 20.5 ± 1.4 weeks (N = 219), and 30.4 ± 1.4 weeks (N = 217). A 10 mL EDTA tube was drawn by standard venipuncture technique by a phlebotomist and then centrifuged for 15 min at 1200 × g. Separated plasma aliquots of 0.5 mL were transferred to 2 mL screw top plastic vials, labeled, and stored at −80°C until analysis.
The study participants completed structured interviews and questionnaires related to sociodemographic characteristics, medical/obstetric history, and maternal behaviors. At each visit, participants were asked to self-report their prepregnancy weight. Height was measured in the upright supine position to the nearest 0.1 cm using a calibrated stadiometer. The average values for prepregnancy weight and measured height across pregnancy were calculated, and prepregnancy BMI was estimated using the formula weight (kg)/height 2 (m). Although prepreg- nancy weight was not measured in the laboratory, the average self-reported pregnancy weight highly correlated with measured weight on the first visit (r = 0.985, p < 0.001) and therefore considered a reliable measure. The average value for self-reported prepregnancy weight was subtracted from measured weight at each visit to calculate total weight gain at each trimester. Information on clinical conditions present during pregnancy, including diabetes (n = 8), hypertensive disorders (n = 7), anemia (n = 8), and severe infections (n = 9), was obtained from a combination of maternal self-report and medical records. The sociodemographic, pregnancy, and newborn birth outcome characteristics of the study population are presented in Table 1 . Output files for nutrient and food group intakes were generated for each subject's dietary recall from the NDSR program and imported to IBM SPSS for Windows, version 22, for data handling. A daily recall with total energy intake <1000 or >4000 kcal was considered an under-reporter or over-reporter, respectively, and excluded from the analyses. Data was then aggregated to calculate mean daily intakes within each trimester for each subject. Diet quality was evaluated by calculating the Alternate Healthy Eating Index adapted for pregnancy (AHEI-P), as previously described, [22] with minor modifications as follows: the "Nut & Soy" category was expanded to include intake of any food group contributing a major source of vegetable protein, that is, nuts and seeds, nut and seed butters, legumes, and meat alternatives; the "Fruit" category excluded fruit juices.
Dietary Data
Insulin and Glucose Measures
Serum glucose was quantitatively determined enzymatically using reagents from Vital Diagnostics (Lincoln, RI). Samples were incubated with reagent at 37°C and the absorbance read at 340/380 nm. Insulin was measured using an RIA procedure developed by EMD Millipore (St Charles, MO). The homeostasis model of insulin resistance (HOMA-IR) was computed using the formula: (glucose [mg dL
[23]
Metabolomics Analysis
Metabolomics analysis was performed at LMU Munich. Amino acids (AA), nonesterified fatty acids (NEFA), carboxylic acids (CA), acylcarnitines (acyl-Carn), and phospholipids (PL) were measured in the plasma samples taken in the first (n = 206), second (n = 219), and third trimester (n = 217). The measurement of metabolites available in the different trimesters was performed in two steps. The first set of 472 samples was shipped to Munich in May 2014 and analyzed in August 2014. The second set of 170 samples was shipped to Munich in December 2015 and analyzed in July 2016. We report all metabolite concentrations in μmol L −1 . As a point of note, the analytical technique used here is not capable of determining the position of the double bonds and the distribution of carbon atoms between fatty acid side chains. The acyl-Carn, PL, and NEFA are mentioned as X:Y. In this nomenclature, X is the length of the carbon chain, Y is the number of double bonds. A detailed description on the metabolomics analysis can be found in the Supporting Information materials and methods.
Newborn Dual-Energy X-Ray Absorptiometry (DXA) Imaging
To quantify infant body fat, a whole body DXA scan was obtained using a Hologic Discovery Scanner (A, QDR 4500 series, Hologic Inc., Bedford, MA, USA) in infant scan mode. Calibration using Hologic's anthropomorphic spine QC phantom was performed before each scan. During the scan, infants lay supine while sleeping, wearing only a disposable diaper and swaddled in a light cotton blanket. If the infant moved during the scan, a single repeat was performed. Children were, on average, 25.7 days old (mean ± 11.6 [SD] days) at the time of the scans. This age was selected to allow for stabilization of fluid shifts in the newborn that occur in the first 2-3 weeks following birth. [24] 
Statistical Analyses
Statistical analyses were performed using R statistical software, version 3.0.1. Initially, individual outlying values for a given metabolite were detected if more than three times the SD of the second highest value. Further possible outliers were detected through the inspection of boxplots for each metabolite at each time point of measurement and individual outlying values were removed from the dataset as appropriate.
Each metabolite was standardized by converting it to a z-score, using the mean and SD values within each batch of measurements, according to the formula: (metabolite value − withinbatch mean value for given metabolite)/within-batch SD for given metabolite. Thus, the mean of each metabolite per batch was "0" and the SD was "1."
In addition to single metabolite levels, PCA of all metabolites was performed to combine co-correlated metabolites into one component. The first ten trimester-specific principle components received by PCA were handled like single metabolites in the following analysis and are also included when mentioning "metabolites."
For our first aim to identify metabolomic marker related to newborn percent body fat (%BF), two different approaches were used: 1) bivariate linear regression models with %BF as dependent and the metabolite as independent variable, and 2) multivariate linear regression models, including adjustment for potential confounders.
To identify potential confounders of newborn body composition, bivariate linear models were applied with %BF as the dependent variable and the potential confounder (Supporting Information methods) or metabolites as independent variables. Beside maternal determinates, newborn variables were also considered in the model because controlling for them may decrease the standard errors.
Forward stepwise model selection by the Akaike information criterion (AIC) was performed with %BF as the dependent variable and one metabolite, sex, and ethnicity as fixed independent variables and the previous identified potential confounders (p < 0.2 in bivariate models) as independent variables. This procedure was repeated 20 times for the 20 metabolites most significantly associated to %BF in the bivariate analysis. If a confounder was identified for more than four metabolite associations to %BF, this confound was used in the final multivariate model. The final multivariate model was adjusted for ethnicity of the mother, sex of the children, parity, gestational age at birth, marital status, and age of the newborn at the time the DXA scan was performed.
www.advancedsciencenews.com www.mnf-journal.com Figure 1 . Associations of metabolites in each trimester to newborn percentage body fat. Negative log transformed p-values are plotted for each metabolite on the y-axis, while estimate of the z-score metabolite are plotted on the x-axis. Higher values represented in upper part present a higher association between metabolite and newborn body fat percentages. p-values were calculated by linear regression models with newborn body fat percentages obtained by DXA scans as dependent variable and the each metabolite as independent variable. The linear models were adjusted for infant sex, maternal ethnicity, gestational age at birth, parity, and marital status of the mother. Metabolite names highlighted in red depict significant associations after FDR correction for multiple testing. All signifcant associations of newborn body fat percentages with metabolites (without correction for multiple testing) after the sensitivity analysis are plotted with point and name. AA, amino acids; NEFA, nonesterified fatty acids; acyl-Carn, acylcarnitines; lysoPC, lysophosphatidylcholines; MUFA, monounsaturated fatty acid; PCaa, diacyl-phosphatidylcholines; PCae, alkyl-linked phosphatidylcholines; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; SM, sphingomyelins; TCA, tricarboxylic acid.
Associations were visualized by "volcano plots," whereby the estimate is plotted on the x-axis and the negative log 10 (P) values on the y-axis. To correct for multiple testing, a false discovery rate (FDR) of less than 5% was used as the significance level, [25] which was applied to each analysis performed in each trimester with a new outcome variable. These associations are highlighted with red text in the respective volcano plots (Figure 1) . Associations, which did pass the FDR corrected significance level, but exhibited an uncorrected p-value below 0.05, are mentioned as tendencies.
Furthermore, significant associations identified were checked for potential influence by outliers (which persisted after initial outlier detection and removal) by two methods: 1) visual exploration of scatter plots, and 2) by removing the three highest and lowest metabolite values and checking if the significance remained stable. Metabolite associations which did not pass these sensitivity checks are not highlighted in the respective volcano plots.
For our second aim, to determine maternal determinates influencing metabolomic markers identified for aim 1, bivariate linear regression models were performed with the single identified metabolite as the dependent variable and maternal characteristics as independent variables (Table S4 .1-S4.3, Supporting Information). To test associations with categorical maternal characteristics (ethnicity [Hispanic/non-Hispanic], employment [yes/no], and education), logistic regression was used. The eight original education categories were summarized to three new categories to facilitate an appropriate number per group: lower education-"primary, elementary, or middle school" and "high school or general education development"; middle education-"some college but no degree" and "technical or vocational school"; higher www.advancedsciencenews.com www.mnf-journal.com education-"associate's degree," "bachelor's degree," and "graduate degree".
Results
Metabolite data from cases identified as being obtained from non-fasting samples (nine cases at trimester 1, five cases at trimester 2, and seven cases at trimester 3) were excluded from analysis. Of the remaining 227 participants with viable metabolomics data from at least one time point, there were data for 197 subjects at trimester 1, 214 subjects at trimester 2, and 210 subjects at trimester 3, and 175 women had data available at all three time points. Maternal glucose and insulin data were available for 194 (trimester 1), 210 (trimester 2), and 207 (trimester 3) women at each time point. DXA body composition data was available for a total of N = 121 infants. Corresponding to the maternal participants with metabolomic data per trimester, newborn body composition data were available for infants born to 109, 115, and 114 women, in trimesters 1, 2, and 3, respectively. Maternal or infant characteristics did not differ between subsets of women with metabolomics data available at different prenatal assessment time points. Our cohort included women with a diagnosis of diabetes (n = 8), hypertensive disorders (n = 7), anemia (n = 8), and severe infections (n = 9), but these conditions had no effect on the results presented.
The sociodemographic, anthropometric, and newborn characteristics for the cohort of N = 121 mother-infant dyads with available data for analysis, are presented in Table 1 . 53.7% of the pregnant women were classified as overweight or obese (prepregnancy BMI ࣙ 25 kg m −2 ) and 53% gained gestational weight in excess of the Institute of Medicine criteria for their given prepregnancy BMI category.
Three hundred and ninety-five metabolites were measured with inter-batch coefficient of variance of no more than 20% in the first and the second shipment, respectively, including 22 NEFA, 47 acyl-Carn, 258 PL, 14 CA, 23 AA, and the sum of hexoses. Since only metabolites with at least 20 observations were used in the data analysis, the final linear regression models were performed with 308 metabolites and 10 principle components per trimester.
Metabolites Associated with Newborn Body Fat
In the bivariate models, no metabolite was significantly associated with newborn %BF after FDR correction for multiple testing (Table S1 and Figure S1 , Supporting Information). Without correction for multiple testing, several PL in the second and last trimester tended to a negative association to %BF.
In the multivariate model ( Figure 1 and Table S1 , Supporting Information), seven plasma PL in the last trimester were negatively associated with newborn %BF after FDR correction, namely alkyl-linked phosphatidylcholines (PCae) 40:4, PCae 40:5, PCae 42:5, PCae 42:6, PCae 44:5, PCae 44:6, and sphingomyelin (SM) 42:3 (p adj = 0.038), respectively. The standardized estimates for the associations ranged from −1.78 to −1.96, indicating that a reduction of 1 SD of these PL results in almost 2% greater body fat in the newborn. Newborns whose mother were in the lowest quartile of PCae 44:6 concentrations, exhibited a mean ± SD %BF of 15.8 ± 5.8%, while newborns of mothers in the highest quartile had a %BF of 10.9 ± 5.2%.
Additionally, the plasma keto-acids 3-methyl-2-oxobutanoic acid, 3-methyl-2-oxovalveric acid, and 4-methyl-2-oxovaleric acid in the second trimester were positively associated with newborn %BF, but in the sensitivity analysis 3-methyl-2-oxovaleric acid was no longer significant and the scatter-plots and associations of the other two keto-acids were also affected by outliers. A common characteristic of these outlying subjects could not be detected. Among the metabolite principle components, principle component 5 in the second trimester (p adj = 0.065, representing nonessential AA and long-chained acyl-Carn [ Table S2 , Supporting Information]) tended to be negatively related to newborn %BF.
Molecular Identification of Fatty Acids in Phospholipids
With FIA-MS/MS, we are unable to distinguish between etherand odd-chain acyl bonds and could not identify which single fatty acid species are bound to the PL backbone. To identify which exact fatty acid is bound by which binding, we ran identification analyses for PL of interest by a modified LC-MS/MS method. [26] With the LC-MS/MS method using 184 Da (choline group) as product ion, only one peak for the molecular mass of PCae 44.6 (875.7 Da) was detected, excluding the possibility of co-eluents. In negative ionization mode, the acetic acid masks the positive charge of the choline head group and fragmentation enables isolation of fatty acids as fragments, and thus, a unique identification was possible. In the multiple reaction monitoring scan of acetate adducts, we found only the mass 303.6 Da (fatty acid 20:4) as fragment of 934.7 Da (875.7 + 59 Da), implying that the second fatty acid is bound by an ether bond. Thus, the molecular mass 875.7 Da is most likely PCae 20:4/24:2 ( Figure 2 presents the associations between relative NEFA values (mol%) per trimester and the PL found to exhibit an uncorrected p-value <0.05 in the association to newborn %BF (Table S3 , Supporting Information). The six PCae of the third trimester, which were significantly associated after FDR correction with newborn %BF, showed the strongest association with NEFA 20:4 percentages in the first trimester (p = 3.3 × 10 −5 − 1.1 × 10 −6 ).
Associations between NEFA Composition and Phospholipids in the Third Trimester
Maternal Determinates of Metabolomics Profiles Associated with Newborn %BF
Among all tested maternal sociodemographic ( Supporting Information), and dietary factors (Table S4 .3, Supporting Information), only maternal ethnicity showed significant associations after Bonferroni correction with the six identified PCae species ( Table 2 ). The six PCae were higher in the non-Hispanic population (mean = 1.36-6.43 μM) compared to Hispanics (mean = 1.01-5.07 μM). However, no interaction effect between ethnicity and the PCae on %BF was observed (p > 0.3) and ethnicity-stratified analysis showed no differences in metabolite associations to %BF between the groups (B Hispanic = −2.14 − [−1.42], B Non-Hispanic = −2.79 − [−1.78]), implying that only the levels of the PCae, but not the relation between PCae and %BF was affected by ethnicity. Non-Hispanics had a higher intake of calories from total fat (33.9% vs 30.5%, p = 0.002) and monounsaturated fat (11.8% vs 10.3%, p = 0.003) only in the first trimester, but no differences in polyunsaturated fat intake compared to Hispanics in any of the three trimesters. Table 2 summarizes other maternal factors (fasting insulin in the first trimester, n-3 intake in the second trimester, n-6 intake Figure 2 . Heatmap of associations between nonesterified fatty acid (NEFA) percentages (mol%) and phospholipid species PL found to exhibit a p-value <0.05 in association with newborn body fat percentages after sensitivity analysis. Displayed are the negative log transformed p-values (−logp) which were calculated with bivariate linear regression models with single PL species as dependent variable and relative NEFA as independent variable. Metabolite names highlighted in red depict significant associations with newborn %BF after FDR correction for multiple testing. Darkest green means a −logp greater than 5 (p < 0.00001). Steps for lighter greens were 0.5. −logp < 3.9 (multiple testing level) are not colored.
in the first and second trimester), which tended to be associated to most or all six PCae, when correction for multiple testing was not considered.
Employed participants had higher levels of the PCae 42.6 (2.50 vs 2.17 μM), PCae 44.5 (1.28 vs 1.11 μM), and PCae 44.6 (2.89 vs. 2.62 μM), without adjustment for multiple comparisons. Similar to the case of ethnicity, employment showed no effect on the associations between the six PCae and %BF (B Employed = −2.19 − [−0.79], B Non-Employed = −2.28 − [−1.92]), and no interaction effect could be observed. Employed women had a higher dietary intake of n-3 FA (p = 0.003), n-6 FA (p = 0.005), and PUFA (p = 0.031) in the first trimester, but not in the second and third trimester.
Higher education was associated with higher levels of the six PCae (all p values <0.05; Table S4 .1 and Figure S2 , Supporting Information). Education exhibited no interaction effect with the six PCae on %BF and in the stratified analysis, the association between the PCae and %BF was weaker in the low education group (B = −1.04 − 0.83) compared to middle (B = −2.50 − [−1.61]) or higher educated women (B = −2.83 − [−1.59]). Women with higher education showed a tendency toward higher total energy (p = 0.014) and higher n-3 fatty acid intake (p = 0.031) in the first trimester.
Fasting insulin and HOMA-IR levels, particularly in the first trimester, as well as fasting glucose levels in the last trimester, were negatively associated with the six PCae, while dietary glycemic load in the first trimester and n-3 and n-6 fatty acid intake, particularly in the second trimester, were positively related to the six PCae.
Discussion
This study provides, to the best of our knowledge, the first findings regarding the relationship of different maternal metabolites measured across gestation, which are involved in lipid and energy metabolism, with the development of offspring fat tissue accrual during the intrauterine period of life. Only one study could be identified to relate maternal metabolites to newborn adiposity focusing their research on maternal obesity-related metabolites in midpregnancy in a European study. [27] Thus, no studies exist in the fetal programming of obesity context that consider trimesterspecific analysis, a wide range of metabolites, or the influence of other maternal determinants, except adiposity. Our major finding is that maternal phospholipid status was related to newborn adiposity and more specifically, phosphatidylcholines containing an ether-bond and the fatty acid 20:4n-6 appear to be protective against higher newborn body fat.
Most studies target the fatty acid composition of PL but lack information about the molecular structure of the PL, which exhibit a large degree of heterogeneity. Interestingly, in our study the sum of 22:6 or 20:4 species of diacyl-phosphatidylcholines (PCaa), the dominant species in PL, showed no associations with newborn %BF. While this seems to be in contrast with previous studies, we targeted newborn body composition, as opposed to birthweight, body composition, or body weight in later infancy or childhood, as reported in other studies, [16, 17, 19, [28] [29] [30] which allow only limited conclusions on influences of intrauterine development. For instance, a recent study reported no associations between maternal metabolites and infant birth weight after www.advancedsciencenews.com www.mnf-journal.com correction for multiple testing, but did identify three fetal (cord blood) LPC metabolites (14:0, 16:1, 18:0) to be positively correlated. [28] However, this study did not include any direct or proxy measures of infant adiposity.
The strong association between third trimester PCae with %BF is not surprising since fetal fat deposition is amplified during this period and, thus, metabolites are expected to exert the strongest effect at this time of intrauterine development. However, maternal factors affecting the PCae concentrations in the last trimester were apparent in the first trimester (NEFA%, insulin, HOMA) and also from nonpregnancy-related sociodemographic factors (education and employment), highlighting the importance of the preconceptional state and early gestational period not only for the PL levels, but also for fetal programming mechanisms.
Several publications present data to support beneficial effects of maternal n-3 fatty acid status on offspring body composition and adverse associations with n-6 fatty acid, but our findings may significantly advance our understanding of broader lipid class associations and possible underlying mechanisms. Key results from our study suggest that both 20:4n-6 and 20:5n-3/22:6n-3 may have a beneficial role for fetal growth and are protective against elevated neonatal %BF. However, controversial results have been published regarding PUFA and offspring growth. Firstly, several studies have reported enhanced infant adiposity outcomes associated with maternal n-6 fatty acid status. For instance, linoleic acid (18:2n-6) intake measured across four generations of rats increased AT mass over generations. [31] Dihomo-γ -linolenic acid (DGLA, 20:3n-6), the precursor of 20:4n-6, is related to maternal prepregnancy BMI [21] and to offspring adiposity at 7 years. [16] In contrast, maternal 20:5n-3 and 22:6n-3 levels in the second trimester were not related to childhood %BF determined by skin fold measurement at 3 years, while maternal dietary intake of n-3 PUFA showed negative associations. [17] Another study showed that late pregnancy maternal n-6 PUFA were positively associated with offspring fat mass at 4 and 6 years, but no associations of n-3 PUFA were found, [18] adjusting for a parameter depicting the quality of child's diet at 3 years weakened this effect.
Both n-6 and n-3 fatty acids are essential fatty acids, requiring alpha-linolenic acids (18:3n-3) and linoleic acid (18:2n-6) as precursors for their synthesis in human metabolism. Although dietary intake of n-3 and n-6 fatty acids in the second trimester were positively related to the PCae levels in the third trimester, much stronger determinates of these PCae were NEFA percentages, in particular 20:4 in the first trimester. Given that adipose tissue fatty acid composition and, thus, NEFA composition in fasting state [32] are markers for long-term dietary fat intake, we suggest that prepregnancy diet is a stronger determinant of prenatal PUFA status compared to dietary intake during pregnancy. This is also in line with our previous publication reporting that prepregnancy BMI is a strong determinant of NEFA throughout gestation, in particular n-6 NEFA, although not related to n-3 NEFA. [21] Our results further highlight a special role of ether-linked phosphatidylcholines in relation to offspring growth, which has not been previously reported. PCae are characterized by an ether or ether-vinyl bound on the sn-1 position of the glycerol backbone. Together with ether-linked phosphatidylethanolamines, PCae form the group of plasmalogens. [33] They are synthesized in peroxisomes and usually contain 20:4 or 22:6 at the sn-2 position. [34] In contrast to PCaa, the fatty acids in PCae are parallel decreasing fluidity and promoting the formation of non-bilayer phases. Furthermore, the ether bond also reduces hydrophilicity, is prone to oxidation, and may work as an antioxidant for the sn-2 PUFA or other PL in membranes. Their enrichment in 20:4 and 22:6 and their unique properties due to their molecular structure may suggest that plasmalogens play a crucial role in lipid transport across the placenta. Maternal fasting insulin and HOMA in the first trimester tended to be associated with the third trimester PCae levels. Thus, we assume a general mechanistic association between PCae and insulin homeostasis which needs further clarification. The lack of associations of fasting insulin in the second and third trimester might be due to general increase of insulin resistance in pregnancy, attenuating the effect of any individual variation in insulin resistance from the preconception or early gestational period.
Despite lower levels of the six protective PCae in Hispanic women, the effective size of associations between the PCae and %BF in this subgroup was similar, implying that Hispanic ethnicity does not influence fetal programming of newborn body composition. Higher educational attainment and employment status were associated with higher concentrations of these six PCae, potentially due to better diet quality among women with higher socioeconomic status, as highlighted by the higher n-3 and n-6 dietary fatty acid intake of employed women in early pregnancy. In women with lower education, however, the concentration of the protective six PCae was too small to detect associations with %BF. This additionally emphasizes the importance of preconceptional factors in this fetal programming pathway for infant adiposity.
Our study has several strengths, including direct measurement of newborn adiposity by DXA scans, availability of detailed metabolic data at multiple gestational time points, and determination of molecular composition of specific lipid species. Most studies which focus on maternal metabolism and metabolites and its relation to offspring growth or body composition use birth weight [28, [35] [36] [37] or weight-and length-based proxy measures of body composition later in life as an outcome. [16, 17, 19, 28, 29] Association studies with child body composition or growth parameters obtained after the perinatal period (i.e., after 1 month postnatal) can only draw limited conclusions about influences of the intrauterine development, since postnatal conditions like infant feeding practices, occurrence of illnesses, medical treatments, etc. may influence the offspring adipose tissue development. Furthermore, the already existing studies in this field commonly focus on fatty acid composition of TAG or PL. The presented results depict, for the first time, how different maternal metabolites involved in lipid and energy metabolism influence the development of lean and fat tissue during intrauterine life. However, there are also some limitations which should be considered in future studies. Firstly, due to our analytical approach, we may have missed potentially important metabolites such as ether-linked phosphatidylethanolamines or triacylglyceride species, and the applied techniques were also not able to distinguish between n-3 and n-6 fatty acids of the same chain-length and degree of saturation. Secondly, we do not have available relevant prepregnancy maternal data to complement our analysis. To help unravel the more nuanced mechanisms behind our results, it would be advisable that future studies obtain data relating to the prepregnancy www.advancedsciencenews.com www.mnf-journal.com period, including maternal diet and weight change. However, we found no associations between prepregnancy BMI and %BF in our confounder analysis. Although previous studies showed a positive association between these factors, [38] [39] [40] a systematic review of diabetic mothers found no evidence of an association between prepregnancy BMI and infant adiposity. [41] A potential reason is that extreme obesity was not included in the present study. McCarthy et al. showed that a prepregnancy BMI > 35 Kg m −2 resulted in 1 unit increase in %BF, while offspring of overweight and normal women had only minor difference in %BF. [39] In conclusion, this study demonstrates that maternal phospholipid status is related to newborn adiposity, which may have implications for childhood obesity risk. Phosphatidylcholines containing an ether-bond and 20:4n-6 appear to be protective against higher newborn %BF. In turn, these metabolites are especially affected by maternal sociodemographic, dietary, and glycemic exposures in prepregnancy or early pregnancy, highlighting the importance of preconceptional conditions and the potential for interventions to influence fetal development and neonatal body composition. PCae containing 22:6n-3 also exhibits a protective effect toward newborn adiposity. The role of ether-linked PL in fetal programming mechanisms may be underestimated and requires further clarification concerning its role in maternal, placental, and fetal metabolism for developmental programming of offspring adiposity.
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